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ABSTRACT

The highly temporally resolved time series from the Tropical Atmosphere—Ocean moored buoy array are used
to evaluate the scales of thermal variability in the upper equatorial Pacific. The TAO array consists of nearly 70
deep-ocean moorings arranged nominally 15° longitude and 2°—3° latitude apart across the equatorial Pacific. The
bulk of the data from the array consists of daily averages telemetered in real time, with some records up to 15 years
long. However, at several sites more finely resolved data exist, in some cases with resolution of 1 minute. These
data form the basis for spectral decomposition spanning virtually all scales of variability from the Brunt—Viisild
frequency to the El Nifio—-Southern Oscillation timescale. The spectra are used to define the signal to noise ratio
as a function of sample rate and frequency, and to investigate the effects of aliasing that results from sparser
sampling, such as ship-based observational techniques. The results show that the signal to noise ratio is larger in
the east, mostly because the low-frequency signals are larger there. The noise level for SST varies by as much as
a factor of 10 among the locations studied, while noise in thermocline depth is relatively more homogeneous over
the region. In general, noise due to aliased high-frequency variability increases by roughly a factor of 10 as the
sample rate decreases from daily to 100-day sampling. The highly resolved spectra suggest a somewhat more
optimistic estimate of overall signal-to-noise ratios for typical ship of opportunity (VOS) XBT sampling (generally
about 2) than had been found in previous studies using sparser data. Time scales were estimated for various filtered
versions of the time series by integration of the autocorrelation functions. For high-passed data (periods longer
than about 150 days removed), the timescale is about 5 days for both surface and subsurface temperatures every-
where in the region. Conversely, for low-passed data (the annual cycle and periods shorter than 150 days removed),
the timescale is roughly 100 days. Horizontal space scales were estimated from cross-correlations among the buoys.
Zonal scales of low-frequency SST variations along the equator were half the width of the Pacific, larger than those
of thermocline depth (about 30°-40° longitude). In the east, meridional scales of low-frequency SST were large
(greater than about 15° latitude), associated with the coherent waxing and waning of the equatorial cold tongue,
whereas in the west these scales were shorter. Thermocline depth variations had meridional scales associated with
the equatorial waves, particularly in the east. Spatial scale estimates reported here are generally consistent with
those found from the VOS datasets when the ENSO signals in the records of each dataset are taken into account.
However, if signals with periods of 1 to 2 months are to be properly sampled, then sampling scales of 1°-2° latitude
by 8°—10° longitude, with a 5-day timescale, are needed.
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1. Introduction

The purpose of this work is to use the highly tem-
porally resolved time series from the Tropical Atmo-
sphere—Ocean (TAO) array of moored buoys (Hayes
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et al. 1991a; McPhaden 1993) to evaluate the scales of
variability in the upper-ocean thermal field of the trop-
ical Pacific. The moorings sample ocean temperatures
in the upper 500 m at a rate close to or faster than the
Brunt—Viisild frequency, with some time series extend-
ing over a decade or longer. These measurements re-
solve virtually all the variability of interest for climate
studies and can be used to precisely define how sparser
sampling would affect the interpretation of observations.

The TAO array is one component of the Tropical
Pacific Thermal Monitoring System (TPTMS), which
was established at the outset of the TOGA (Tropical
Ocean—Global Atmosphere) program in 1985 and has
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been modified and expanded in the ensuing years. El-
ements of this system include both surface and subsur-
face temperature measurements. Surface temperatures
are provided largely through an expanded surface
drifter program (Niiler et al. 1996, manuscript submit-
ted to J. Phys. Oceanogr.), TAO buoy measurements
near the equator, and satellite analyses (Reynolds and
Smith 1994). Subsurface temperatures derive mainly
from the TAO array and the volunteer observing ship
expendable bathythermograph (VOS XBT) program
(Meyers and Donguy 1980; Smith and Meyers 1995).
The VOS program samples three or four meridional
ship tracks roughly once per month, with an XBT
dropped approximately every degree of latitude, and it
spans a wider zonal and meridional range than the TAO
array.

The success of any observing system must be deter-
mined by its ability to resolve the variability of interest.
The TPTMS supports El Nifio—Southern Oscillation
forecasting by providing data for ocean climate model
validation (e.g., Hayes et al. 1989) and data for ini-
tializing coupled ocean-atmosphere climate prediction
schemes (Ji et al. 1995), as well as several distinct
research efforts; these activities point to several clear
scales of interest. The first perspective comes from the
linear theory of equatorial waves, which indicates that
the zonal scale of forced motions is related to the zonal
scale of the wind forcing and that, away from the forc-
ing region, their meridional scale is determined both by
the forcing and the meridional scales of free waves. The
fastest response arises from low-vertical-mode Kelvin
waves, with timescales comparable to the wind forcing;
data on these scales are needed for validation and im-
provement of tropical ocean general circulation mod-
els. The next longer scale of interest is that of monthly-
to-seasonal mean variations, which must be sampled
accurately in order to describe the evolution of ENSO
events and the seasonal march. Reliable observations
on this timescale also are required for evaluation of
existing models of the coupled ocean—atmosphere sys-
tem; most ENSO forecasting studies are carried out on
this timescale. Finally, interannual and lower-fre-
quency variability needs to be resolved in order to de-
termine the low-frequency changes in ENSO statistics,
~and the connections between ENSO and decadal-scale
global climate variability.

Previous studies have estimated the observed space
and time scales of the thermal field in the tropical Pa-
cific using a variety of statistical techniques. Early ob-
servational work based on island sea levels and VOS
XBT data suggested that zonal scales were quite long
but that thermocline variability was usually decorre-
lated over a few hundred kilometers in the meridional
direction (e.g., Wyrtki 1978; Meyers 1979). Barnett
and Patzert (1980) analyzed 3 months of weekly air-
borne XBT profiles made specifically to estimate scales
of variability for the purpose of planning the Hawaii-
to-Tahiti Shuttle Experiment (Wyrtki et al. 1981). Kes-
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sler et al. (1985) compared subsamples of the XBT
data in the central Pacific and found that while the VOS
network was barely adequate to resolve month to
month fluctuations of the zonal geostrophic currents, it
would not be able to meet the more stringent require-
ments of model verification for currents. McPhaden et
al. (1988), using a linear, multimode model of wind-
forced variability, estimated that dynamic height errors
of about 2 dyn cm would result from the scatter of XBT
profiles about the mean tracklines of the shipping
routes. They also estimated that VOS XBT sampling
would produce a signal/noise ratio (s/n) of about one
for the annual and semiannual cycles of zonal geo-
strophic currents, and cautioned that higher frequencies
would be poorly resolved. Hayes and McPhaden
(1992) used Monte Carlo techniques to construct many
realizations of monthly time series from buoy obser-
vations at 110° and 140°W on the equator. Their esti-
mated s/n (defining the noise as the rms deviation be-
tween the subsampled and complete time series) were
a function of longitude, depth, and frequency.

For many purposes we desire to map the quantity of
interest. Optimal interpolation (OI) (Gandin 1963;
Alaka and Elvander 1972) has been used to produce
gridded maps of fields from irregularly sampled obser-
vations in numerous oceanographic situations (e.g.,
Bretherton et al. 1976; White and Bernstein 1979;
Roemmich 1983). A principal advantage of Ol is that,
once the statistics of the field are known, the mapping
skill of any sampling strategy can be estimated. Signal
and noise variances and the spatial/temporal correla-
tion structure are necessary inputs to an Ol implemen-
tation, and the uncertainty of the resulting skill esti-
mates are determined by the uncertainty of the values
assumed for the parameters. For this reason, the esti-
mation of these parameters from observations of the
thermal field in the tropical Pacific has been the focus
of several studies.

White et al. (1982) used the long record of annual
cruises along 137°E from Japan to the equator, supple-
mented by mechanical bathythermograph profiles col-
lected by Japanese fishing vessels in the western trop-
ical Pacific, to estimate meridional scales from wave-
number spectra and timescales from autocorrelation
functions. These estimates were rather large (meridi-
onal scale of 600 km and timescale of 6 months), and
this has been attributed to the dominance of variability
due to El Nifio events in the White et al. (1982) data.
Meyers et al. (1991, hereafter MPSS) and Sprintall and
Meyers (1991) used the VOS XBT dataset to produce
estimates of the Ol parameters for network design. The
results suggested decorrelation scales of 3° latitude, 15°
longitude, and 2 months, and signal/noise ratios close
to or a little less than unity. They emphasized distinct
differences in the space and time scale estimates for
datasets that included or excluded the El Nifios, partic-
ularly the very large event of 1982-83. A difficulty
with this approach is that it is based on historical ship-
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FiG. 1. Map of the TAO buoy network as of December 1994. The size of the symbol indicates how long a buoy has been
in the water at that location. Round symbols show ATLAS thermistor chain buoys; squares show current meter buoys.

board data that is not adequate to fully resolve the broad
spectrum of energy in the upper-ocean thermal field.
This limits the ability to discriminate between different
components of the low-frequency signal that may have
quite different sampling requirements not well sum-
marized by the single set of values used in OI.

The TAO array provides thermal data of unprece-
dented time resolution across the entire Pacific basin.
For the first time it is possible to resolve all temporal
variability on scales longer than a few minutes at some
locations and longer than a day at all locations. Thus,
it is now possible to compute temporal statistics for
ocean thermal variability, whose errors are introduced
primarily by the nonstationarity of the variability on
the multiyear span of our records. As our records in-
crease in length, we shall be able to examine the rep-
resentativeness of results presented in this paper to
longer time series and further diminish the uncertainties
in these statistics. We are also able to estimate the spa-
tial correlation statistics at a few locations with much
greater confidence than has been possible and also dis-
tinguish spatial scales as a function of frequency. Now
that the TAO array is fully deployed (McPhaden
1995), our ability to expand our knowledge of the spa-
tial statistics. will also increase greatly in the coming
years.

The purpose of this paper is to present the time and
space statistics of Pacific ocean thermal variability, as
we are able to estimate them at this time from the TAO
array, and to offer some discussion of the implications
of these results for the effectiveness of the TPTMS as
it is configured at present. As the TAO records grow
in length we shall update and extend these statistics, as
well as our assessment of the effectiveness of the
TPTMS. Our analysis focuses on sea surface temper-

ature and depth of the 20°C isotherm (Z20). SST is the
quantity through which the atmosphere responds to
changes in the ocean, and it is crucial to understanding
the coupled climate system. Z20 has been used in many
studies as a proxy for the depth of the sharp thermocline
in the tropical Pacific (Meyers 1979; Rebert et al. 1985;
Kessler and Taft 1987). Much of the large-scale re-
sponse of the ocean to wind fluctuations in this region
is well-expressed in thermocline depth anomalies, par-
ticularly the propagation of equatorial waves. Since
subsurface thermal variability in the tropical Pacific can
often be characterized as vertical displacements of the
entire upper layer, Z20 is a useful summary quantity.

2. The TOGA-TAO buoy array

The TOGA-TAO buoy array (Hayes et al. 1991a;
McPhaden 1993) consists of nearly 70 deep-ocean
moorings arranged in pickets nominally 15° longitude
apart across the equatorial Pacific (Fig. 1). Most of
these buoys are ATLAS thermistor chain moorings
(Hayes et al. 1991a) that measure temperature at 1-m
depth (taken here to be the SST) and ten subsurface
depths down to 500 m, as well as near-surface winds,
relative humidity, and air temperature. Subsurface in-
strument depths vary with location. Buoys in the west-
ern Pacific (west of 155°W) are instrumented at 25-m
intervals from the surface to 150 m, then at 50-m in-
tervals to 300 m, with a deep instrument at 500 m.
Eastern Pacific buoys have instruments at 20-m inter-
vals to 140 m, with deeper instruments at 180 m, 300
m, and 500 m. The purpose of denser sampling of the
upper water column in the eastern Pacific is to better
sample the shallower thermocline there. Along the di-
viding line at 155°W, the instrument depths were
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changed from the eastern Pacific to the western Pacific
configuration in 1992.

The sampling schemes on ATLAS moorings have
evolved with time (Mangum et al. 1994 ). For the past
several years, air temperature, sea surface and subsur-
face temperatures, and relative humidity have been
sampled every 10 minutes, and averaged hourly. Lab-
oratory bench tests showed that the ATLAS water tem-
perature measuring pods have a thermal response time
constant (e-folding time) of 31 minutes. Pre- and post-
deployment calibration suggests that the accuracy of
the ATLAS temperature pods is 0.1°C (Mangum et al.
1994). Winds (not considered in this study) are pres-
ently sampled at a rate of 2 Hz for 6 minutes centered
at the top of each hour, then vector averaged. All these
quantities are formed into daily averages that are tele-
metered in real time by Service Argos (for surface
quantities both the daily average and the most recent
hourly values are transmitted, but for subsurface tem-
perature only the daily averages are available; see Man-
gum et al. 1994). The daily average values of SST and
subsurface temperature used in this study, computed
from 144 10-min samples each day, represent an es-
sentially unaliased daily time series.

At the four current meter sites along the equator
(156°E, 165°E, 140°W, and 110°W) the vertical and
temporal resolution is enhanced. The 25-m spacing ex-
tends to 250 m in the western Pacific, with additional
thermistors at 3 m, 10 m, 30 m, and 400 m. The current
meter sites in the eastern Pacific have near-surface in-
struments at 10 m, 25 m, 35 m, 45 m, and 60 m, with
20-m sampling to 160 m. Additional depths were sam-
pled for limited periods at other depths for specialized
short-term program experiments (see Freitag et al.
1987; McPhaden and McCarty 1992; McCarty and
McPhaden 1993). On the current meter moorings, sub-
surface temperatures are sampled typically every 15
minutes, with a thermal response time constant of 100
s for the VACMs (vector averaging current meters )
(Levine 1981). However, in some cases 1-min data are
available from temperature recorders with a 10-s time
constant. Subsurface values from current meter moor-
ings are not transmitted in real time, but are stored in-
ternally and are available when the mooring is recov-
ered. Accuracy of temperature measurements from the
current meter moorings ranges between 0.01° and
0.05°C, depending on instrument type.

For this study, 20°C depth was computed by linear
interpolation of the buoy temperature profile. This in-
terpolation was checked by preparing ‘‘mock TAO”’
profiles from more than 36 000 historical XBT profiles
in the TAO region (Kessler 1990) and subsampling
these in the vertical at the TAO standard depths. Ver-
tical resolution of XBT profiles is 3—4 m, much finer
than that of a typical TAO mooring. The mean differ-
ence between the true 20°C depth from the XBTs and
that from the mock TAO profiles was about 0.19 m
(mock TAO deeper), with rms difference about 3 m
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(of marginal significance given the resolution of the
XBT itself). In 18 cases (about 1 in 2000), linear in-
terpolation of the mock TAO profiles produced 20°C
depth discrepancies greater than 20 m; however, visual
inspection of the profiles suggests that many of these
large differences were due to questionable XBT values.
The variance associated with linear interpolation was
about one-third as large as the variance of Z20 at pe-
riods less than 1 day (see section 4). We conclude that
the linear interpolation used here gives a reasonable
estimate of 20°C depth from TAO observations and is
unlikely to contaminate the statistics presented.

Timelines showing the period of time when obser-
vations of SST and Z20 are available at each mooring
used in this study are given in Fig. 2. Z20 lies generally
within the thermocline throughout the region (e.g., Fig.
3), surfacing briefly in the eastern Pacific during the
SST minima of the La Nifia cold periods of 1983 and
1988. Because of the linear interpolation it generally
has a more complete time history than any individual
subsurface temperature record. At 0°, 110°N the time
series of temperature extends from early 1980 to the
present, and long time series are also found along
140°W and 165°E (McPhaden and McCarty 1992;
McCarty and McPhaden 1993); these locations form
the backbone of the present study. However, at most
sites the records are much shorter, reflecting the gradual
growth of the buoy array (Figs. 1 and 2). In all, the
database contains some 822 000 instrument-days of
data (as of 1 May 1994 when 63 moorings were ac-
tive). Large symbols in Fig. 1 and bold labels in Fig.
2 highlight locations with at least three years of data.

Although the primary ocean dataset from the TAO
buoy network is near-real-time daily averages from
ATLAS moorings, we take advantage of the substantial
amount of internally recorded finer temporal resolution
temperature data available at the current meter sites. In
particular we use two 38-day records of subsurface
temperatures sampled at 1-min intervals with fast-re-
sponse thermistors, four records of up to 31/2 years of
15-min subsurface VACM temperatures, and four rec-
ords of up to 9 years of 2-h SST (Table 1). These
closely resolved time series together with the daily-av-
erage data allow examination of virtually all scales of
temporal variability between the Brunt—Viisild fre-
quency and the ENSO timescale.

3. Overview of space/time variability

In this section we briefly summarize the range of
variability observed in the moored time series data, as
background to the computation of signal-to-noise ratios
and time/space scales presented in sections 4-6.
Means and standard deviations computed for a com-
mon 6-yr period (1 May 1988 to 30 April 1994) illus-
trate many of the significant features of the upper-ocean
thermal field in the equatorial Pacific (Fig. 3 and Table
2). Along the equator, the thermocline slopes down-
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FiG. 2. Time history of sampling at all buoy locations. Each buoy
is denoted by a thin line (for SST sampling) and a thick line (for
720 sampling). Alternate shaded and white areas separate buoy lat-
itudes. At a few locations along 110°W, 140°W, and 165°E, sampling
began earlier than 1985 and is not shown.

ward to the west in response to trade-wind-driven west-
ward mean currents that pile up warm surface-layer
waters in the western Pacific (Fig. 3a). In the eastern
Pacific, cold thermocline water from shallow depths is
upwelled to the surface, creating an equatorial cold
tongue with minimum temperatures near the equator
(Fig. 3b). At and to the east of 110°W, the cold tongue
exhibits a meridional asymmetry, with a bias toward
colder temperatures in the Southern Hemisphere in re-
sponse to pronounced southerly wind forcing. West of
140°W, the cold tongue progressively weakens as the
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thermocline, which supplies the cold water to maintain
it, deepens. Hence, west of the date line an equatorial
minimum in SST is generally not evident; instead, SST
in the western Pacific is characterized by a relatively
homogeneous pool of warm water with temperatures
greater than 28°C.

Meridional thermocline sections (Fig. 3b) show
characteristic features associated with geostrophic
zonal currents. For example, all three sections show
spreading of the equatorial thermocline associated with
the Equatorial Undercurrent, and downward sloping
isotherms between 2°—-5°N and 2°-5°S associated with
the westward South Equatorial Current. Along 140°W
and 165°E, the upward sloping isotherms poleward of
5°N indicate the presence of the eastward North Equa-
torial Countercurrent (NECC); this feature is missing
in the 110°W section for lack of sufficient data at 8°N.

Variability about the mean tends to be highest in the
upper thermocline and higher in the eastern Pacific than
in the western Pacific. Interestingly, near-equatorial lat-
itudes tend to be characterized by a local minimum in
variability in the thermocline, whereas at the surface in
the eastern Pacific, there is a local maximum in vari-
ability at the equator. To the extent that subsurface vari-
ability reflects in part vertical motion of the thermo-
cline, the equatorial subsurface minimum may reflect
the weakened mean gradient at the equator. The local
equatorial maximum at the surface, on the other hand,
could refiect that, compared to higher latitudes where
SST is primarily determined by surface heat flux vari-
ations, there are a number of processes that affect SST
in the equatorial cold tongue (cf. Hayes et al. 1991b;
Chang 1993).

There is a broad spectrum of frequencies that con-
tribute to the variability shown in Fig. 3, as illustrated
in a few individual time series at 110°W, 140°W, and
165°E. An 8.5-yr segment of SST data at 110°W for
example (top panel of Fig. 4a) shows a prominent sea-
sonal cycle with peak-to-peak amplitude of about 5°C.
Superimposed on this seasonal cycle are interannual
variations associated with the 1986—-87 ENSO and the
1988 La Nifia. The temperature range is 12°C, with a
minimum of about 17°C in late 1988 and maxima of
about 29°C during ENSO events in 1987, 1992, and
1993. Note the extremely rapid warming (10°C in 2
months) that terminated the La Nifia at the beginning
of 1989 (McPhaden and Hayes 1990).

The middle panel of Fig. 4a shows SST on an ex-
panded scale during 1990, which is a fairly normal year
(i.e., a non—~E} Nifio, non—La Nifia year). The vari-
ability now visible is composed of one realization of
the seasonal cycle plus a series of tropical instability
waves (TIW) beginning in June. Each TIW appear as
an abrupt 2°C pulse in the SST lasting perhaps 10 days,
without a symmetric cold phase. It is clear from this
figure that infrequent sampling, as for example from
monthly VOS cruises, could distort estimates of the
amplitude and phase of the seasonal cycle, since some
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samples in the second (cool) half of the year might
measure the SST during a TIW pulse. The two panels
at the bottom of Fig. 4a show further detail from the
months of May (during the warm phase of the seasonal
cycle) and October 1990 (during the cold phase of the
seasonal cycle). Variability during May 1990 exhibited
weekly timescale fluctuations of about 1°C peak to peak
and a fairly regular diurnal cycle with a range at times
of 0.6°C. This diurnal variability was nonsinusoidal,
with sharp warming in the late morning and early af-
ternoon, followed by a more gradual cooling. Spec-
trally, this nonsinusoidal diurnal cycle will produce a
number of harmonics of the daily period in the fre-
quency spectrum (e.g., Fig. A2). During October 1990,
the diurnal cycle was somewhat weaker, possibly due
to stronger easterlies and associated enhanced turbulent
mixing in the surface layer at this time of year (Taft
and McPhaden 1990). The October segment also
shows in detail the evolution of one cycle of a TIW
warming. These time series can be contrasted with the
SST at 165°E (Fig. 4b). In the western Pacific, mean
. temperatures are higher, but the temperature range, as
well as the amplitude of interannual variations and sea-
sonal cycle, are much smaller (see also Table 2 ). More-
over, in the western Pacific, the seasonal cycle is char-
acterized more by a two cycle per year variation rather
than a one cycle per year variation -as in the eastern

Pacific (e.g., McCarty and McPhaden 1993). Instabil-
ity waves are not prominent at 165°E. The diurnal cy-
cle, on the other hand, is as energetic as lower-fre-
quency variations. Thus, infrequent sampling could
lead to significant aliasing of the diurnal cycle into
lower frequencies of more direct climatic interest at
165°E.

The 20°C isotherm depth time series at 0°, 140°W is
shown in Fig. 4c. The annual cycle is less visually
prominent in Z20 than in SST at this location, whereas
signals associated with the ENSO cycle in 1986—88
are very pronounced. The middle panel shows the year
1991 in detail. Superimposed on the annual cycle,
which had a range of about 80 m in 1991, are 2-3
month-period intraseasonal Kelvin waves with peak-to-
peak amplitudes of 20—40 m (Kessler et al. 1995). The
highest resolution 1-min data in the lower two panels
of Fig. 4c (November and December 1991) exhibit pri-
marily semidiurnal tidal fluctuations. These fluctua-
tions are nonstationary, with peak-to-peak amplitudes
of up to 30 m on some days, while being nearly absent

" on others.

4. Signal/noise ratios

A convenient description of the error structure as-
sociated with sampling strategies is given by the pa-
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rameters signal (s) and noise (n) variance and the sig-
nal to noise ratio (\), defined as follows. The total
variance o2 of an observed quantity is the sum of signal
and noise variance: 2 = s + n. The noise variance
represents unresolved variability with scales smaller
than the time and distance between observations (geo-
physical noise). We assume that instrument noise is
negligible from the TAO moorings (see section 2). The
signal to noise ratio \ is then defined as the rms mea-
sure: N = (s/n)'"?.

In many studies, A has been estimated from obser-
vations as a overall measure that characterizes a sam-
pling regime and dataset; for a given geophysical quan-
tity in a particular region, \ is a function of the sample
rate. The present study takes advantage of the finely

resolved TAO buoy time series to delineate exactly
how high-frequency variability would produce aliasing
in various hypothetical sampling regimes. We expect
the signal to noise ratio to vary with the sampling rate,
but we expect it to also depend on the investigator’s
choice of low-frequency signal that is to be observed.
Thus, we will examine the variation of a generalized A
as a function both of the sampling and of the frequency
of interest. The results are designed to permit the tai-
loring of a sampling strategy by choosing a sample rate
that produces the desired signal to noise ratio given a
particular signal frequency of interest.

The frequency dependence of the signal to noise ra-
tio can be studied through spectrum folding, which
shows how each element of high-frequency variability



3006 JOURNAL OF CLIMATE VOLUME 9
TABLE 1. Sea surface temperature (SST) and 20° isotherm depth (Z20) series (with percent completeness) used
to compute composite spectra at selected locations.
Variable Interval Location Start date End date Percentage Spectral treatment
SST Daily 0°, 165°E 13 December 1986 11 December 1993 95 1 segment of 7 years
0°, 140°W 16 April 1983 10 April 1993 81 1 segment of 10 years
0°, 110°W 7 March 1980 5 March 1994 83 1 segment of 14 years
7°N, 140°W 29 May 1988 29 May 1991 76 1 segment of 3 years
2 hour . 0°, 165°E 20 April 1986 24 December 1993 63 9 segments of 182 days
0°, 140°W 27 April 1984 12 October 1993 90 18 segments of 182 days
0°, 110°W 9 May 1985 9 September 1993 100 17 segments of 182 days
7°N, 140°W 28 May 1988 30 April 1991 78 5 segments of 182 days
71/-minute 0°, 140°W 9 November 1991 29 April 1992 100 5 segments of 451/, days
220 Daily 0°, 165°E 13 December 1986 11 December 1993 97 1 segment of 7 years
0°, 140°W 16 April 1983 10 April 1993 100 1 segment of 10 years
0°, 110°W 7 March 1980 S March 1994 94 1 segment of 14 years
7°N, 140°W 29 May 1988 29 May 1991 91 1 segment of 3 years
15 minute 0°, 165°E 1 July 1990 24 December 1993 81 5 segments of 182 days
0°, 140°W 30 April 1990 12 October 1993 100 7 segments of 182 days
0°, 110°W 15 May 1990 9 September 1993 100 7 segments of 182 days
7°N, 140°W 4 May 1990 30 April 1991 92 4 segments of 91 days
1 minute 0°, 156°E 5 November 1992 13 December-1992 100 1 segment of 38 days
0°, 140°W 9 November 1991 18 December 1991 100 1 segment of 38 days

(unresolved in a hypothetical coarse sampling regime)
is distributed as noise into the low frequencies. Suppose
measurements of a quantity are to be made at a regular
intervals Ar [Nyquist frequency f, = (2Ar)7'], and

one is interested in a particular signal frequency of in-
terest f,, where f, < fo. Variance at frequencies higher
than f; appears as noise in (aliases) the sampled time
series. The aliases of f,, for Nyquist frequency fo, are

TABLE 2. Statistics of sea surface temperature (SST) and 20° isotherm depth (Z20) for the period 1 May 1988 to 30 April 1994 at the
locations with the most complete records. The overall mean and standard deviation are p, and o, respectively, and o, is the rms amplitude

of the seasonal signal. The fraction of data available for the 6-yr period is expressed as a percentage.

SST (degrees) Z20 (meters)

Location Lo o oy (%) Lo oo o (%)
165°E 29.27 0.73 0.14 94 161.9 18.4 6.3 91

170°W 28.03 1.17 0.34 76 156.3 17.7 10.5 82

Equator 140°W 25.79 1.59 0.54 96 113.1 27.3 9.8 91
125°W 24.63 1.94 1.06 75 78.3 28.1 6.9 76

110°W 2391 220 1.50 99 56.3 25.6 6.8 86

8°N 28.79 0.74 0.61 79 116.7 14.7 — 70

5°N 29.05 0.54 0.33 94 152.4 19.0 — 82

165°E  2°N 29.33 0.57 0.23 69 161.6 19.3 — 70
0° 29.27 0.73 0.14 94 161.9 18.4 6.3 91

2°S 29.38 0.64 0.18 78 174.9 17.5 5.4 85

5°S 29.52 0.49 0.19 79 1934 20.7 73

9°N 27.65 0.83 0.61 88 75.3 12.7 5.0 86

7°N 27.36 0.67 —_ 38 112.5 26.5 —_ 46

5°N 27.50 1.07 0.52 80 134.4 233 15.7 84

140°W  2°N 26.80 1.31 Q.51 80 1159 224 13.5 84
o° 25.79 1.59 0.54 96 113.1 273 9.8 91

2°S 26.54 1.35 0.62 78 122.1 218 11.8 85

5°S 27.69 0.80 — 57 156.1 16.2 - 52

5°N 27.23 0.98 0.70 87 91.1 17.6 12.5 86

2°N 25.84 1.77 1.13 88 66.5 18.8 7.8 85

11e°w ¢ 23.91 2.20 1.50 99 56.3 25.6 6.8 86
2°S 24.55 2.01 1.73 97 60.2 211 5.5 96

5°S 25.24 1.58 1.45 82 80.6 18.7 8.6 87

8°S 25.94 1.23 — 35 114.6 9.8 — 35
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Fig. 4. (a) Time series of SST observations at 0°, 110°W from daily and 2-h sampling, as
indicated. Top: the entire 15-yr time series. Middle: the year 1990 on an expanded scale. Bottom:
the months April and October 1990 on an expanded scale. The temperature scale differs among
the panels as indicated in the ordinate axis labels.

the frequencies that repeat the same point in the sinu-
soidal components when sampled at rate At, and these
are f=2kfo = f,fork =1,2,3, --- . If the fully
resolved time series has spectrum S(f), then the noise is

k=1

which is a function both of the sampling and of the
frequency of interest. This is called spectrum folding
because it can be visualized as folding the spectrum
(drawn on paper with a linear frequency axis) into an
accordion shape with alternating folds at each k f5; then
Jf, and all its aliases will be lined up. Spectrum folding
maps each element of noise [S(f) for f > f,] onto a

particular low frequency f, < f;. The spectral density
at frequency f, that would be measured given sample
rate (2£) 7" is 8(f,, fo) = S(f,) + N(f,, fo). Here,
where we assume that all significant high-frequency
variability is resolved by the buoys (fy = «), the signal
variance at f, is just the spectrum value S(f,), so the
ratio of the signal (at frequency f,) to the noise due to
sampling at rate f, = 1/2Aris

A, fo) = VS(H)IN(fp: fo) (2)

where, as in Eq. (1), we use the uppercase symbols
S(f), N(f,.fo), and A(f,, fo) to indicate the frequency-
dependent analogues of s, 7, and \. The original pa-
rameters s and n are the integrals of S(f) from O to f
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FIG. 4. (Continued) (b) As in (a) but for SST at 0°, 165°E.

and from f; to o, respectively. Equation (1) shows that
n can also be written as the integral of N(f,, fy) over
all f, (recall that 0 < f, < f5)

® 'fo
n(fo)=_£ S(fHdf = . N(fps fo)dfp,  (3)

which confirms that the total noise (the integral over
the unresolved high frequencies) equals the total alias-
ing integrated over the low frequencies. Compared to
n, which is a function of the sample rate only, N(f,,
Jfo) gives additional detail indicating the error in the
signal estimate at each f, due to high-frequency alias-
ing. Strictly, the analogy with parameters used by
MPSS and others is imprecise because of the additional
effect of data binning, in which MPSS assume that each
bin is oversampled, such that signal and noise in the

frequency range between f, and the bin scale are av-
eraged out. In that case, the total noise [ first integral
of (3)] is larger than the total aliasing [ second integral
of (3) with an upper integration limit at the bin fre-
quency]. Therefore, although where possible we quan-
titatively compare our results with signal and noise val-
ues reported by MPSS, it should be recognized that this
is only an approximate comparison.

Formally, calculating the sum in (1) requires that the
full spectrum S(f) be known, which of course it never
is. However, the time series listed in Table 1 (with
sampling as fast as once per minute) can be used to
describe a very large fraction of the high-frequency
variance. The time series at 110°W, 140°W, and 165°E
on the equator and at 7°N, 140°W were used to con-
struct spectra of SST and Z20 extending over as much
as six decades of frequency, by patching together spec-
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FIG. 4. (Continued) (c) As in (a) but for Z20 at 0°, 140°W, based on daily,
15-min and 1-min sampling.

tra constructed from decade-long time series of daily
data with the various-length time series of higher tem-
poral resolution. These composite spectra are shown in
Fig. 5a for SST and Fig. 5b for Z20. In Figs. 5a and
5b, the overlap among the spectra is omitted for clarity,
but the three spectra forming the composites at each
location agree reasonably well in the overlap region.
The composite spectra follow a roughly —1.5 power
dependence over their entire range. The semidiurnal
tide is a prominent mode of high-frequency variability
in Z20, the spectrum of which otherwise tends to fall
off at a fairly regular rate (Fig. 5b). There is some
suggestion (most clearly at 165°E) of an increase of
Z20 variability near the Viiséléd frequency, which has
periods near 5—10 min (150-300 cpd) for the central
thermocline region. Harmonics of the diurnal fre-
quency form prominent peaks in the SST spectra at all

four locations (Fig. 5a), due to the nonsinusoidal
shape of the daily cycle (e.g., Fig. 4a). The slopes of
the SST 'spectra are generally slightly steeper than
those for Z20.

The results of the spectrum folding calculation [the
rms signal/noise ratio A(f,, fy) given by Eq. (2)] using
the composite spectra are contoured in Fig. 6 for SST
and Z20 at 0°, 110°W and 0°, 165°E to represent the
east and west Pacific. Here A is shown as a function of
both sample rate and of frequency of interest. As would
be expected, it is larger for short sampling intervals or
low frequency of interest. For example, if an investi-
gator had time series of Z20 at 0°, 110°W sampled
every 30 days, Fig. 6 (top right) shows that the annual
cycle would be expected to have A of about 3, and the
ratio would be less than 1 for signals with periods
shorter than 75 days. Alternatively, one might be plan-
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ning an experiment to study the intraseasonal Kelvin
waves (periods about 60 days) and seek a sampling
strategy that gave A = 2 for Z20; Fig. 6 (right panels)
suggests that sampling every 7 days would be required
in either location.

A comparison between values of A in the east and
west Pacific is given in Fig. 7, in which the results have
been band-averaged into three commonly studied fre-
quency ranges of interest [interannual, the annual cy-
cle, and intraseasonal (defined as periods of 30—100
days)]. This comparison shows that, overall, sampling
requirements are less stringent in the east because the
signals there are larger in all three bands (Fig. 3).
MPSS found a similar result. If we take A = 2 as an
(admittedly somewhat arbitrary ) standard, then Fig. 7
suggests that, for interannual-band SST, sampling at
roughly 100-day intervals is sufficient both in the east
and the west. Interannual Z20 at 110°W would also be
adequately sampled at this rate, but for Z20 at 165°E
one must sample every 40 days to reach the A = 2
standard. For the seasonal cycle of SST, 100-day sam-
pling suffices at 110°W, but 20-day sampling is needed
at 165°E; seasonal Z20 requires 20—-30-day sampling
at both locations. VOS XBT sampling, at a nominal
rate of 20—30-day intervals, approaches the A = 2 stan-
dard for all of these low-frequency quantities, but
barely reaches A = 1 for the intraseasonal band of ei-
ther SST or Z20 at either location.

For a spectrum S(f) that follows an inverse power
law dependence [S(f) = f7°, for a > 1], it can be
shown that the sum N(f,, fo) becomes increasingly
white with respect to f, for low values of a and thus is
largely a function of sample rate alone (see appendix).
The spectra of temperature in the equatorial Pacific
vary roughly like f ~'° over a wide frequency range
(e.g., Fig. 5), so the aliased noise tends to be evenly
distributed over all the low frequencies and N(f,, fo) is
approximately a function of sampling Nyquist fre-
quency f, alone. Figure 8a shows the integrated noise
variance n{f,), calculated from the first of equations
(3), for SST and Z20 at four selected locations with
long records of high-resolution data. Rms Z20 noise
levels are about 4—6 m for daily sampling, then rise to
8-15 m for 30-day sampling, while for SST the cor-
responding levels are 0.1°-0.2°C and 0.3°-0.7°C. For
both SST and Z20, the noise variance increases by
about a factor of 10 as the sample rate decreases from
daily to 100-day sampling. SST noise varies by as
much as a factor of 10 among the four locations studied,

daily and 2-h data are available. The breaks in the spectra separate
the differently sampled datasets (for clarity the overlap in the spectra
is not shown). Thin lines indicate the 95% confidence intervals. (b)
As in (a) but for Z20. The three sampling regimes are daily, 15 min,
and 1 min (only at 0°, 140°W and 0°, 156°E). The short record of 1-
min data at 0°, 156°E is used to extend the spectrum at 0°, 165°E.
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FI1G. 6. Signal to noise ratios for SST and Z20 at 0°, 110°W and 0°, 165°E, as a function of signal frequency
(cycle/day) (abscissa) and sampling interval (days) (ordinate). Values are A given by Eq. (2). Black
squares indicate A averaged in the annual and interannual bands.

but Z20 noise variance is much more consistent over
the region. The values shown in Fig. 8a can be used to
estimate the expected signal/noise ratio for planning or
monitoring purposes, if one knows or can estimate the
amplitude of the signal of interest. The even distribu-
tion of noise over the low frequencies is also the reason
that the A contours shown in Fig. 6 appear roughly
parallel.

As we have noted, the signal/noise ratio A is a mea-
sure of the aliasing at a particular signal frequency and
so is not directly comparable to X used by MPSS, which
is an overall measure depending only on the sampling
rate. Optimal interpolation also requires a global esti-
mate of N\ that characterizes a dataset. However, the
composite spectra (Fig. 5) can be used to find an over-
all signal/noise ratio corresponding to \ by integrating
the spectrum. The noise is given by (3) (shown in Fig.
8a) and the signal is the integral of all the remaining
lower-frequency spectrum; therefore, total observed

variance is the sum of signal and noise. Since the buoy
time series only resolve the signal to maximum periods
of a few years, these values represent daily to interan-
nual variability. The ratio (s/n)'/? calculated from the
integrated spectra is a function only of Nyquist fre-
quency fo and is roughly comparable to the values com-
puted by MPSS, which they found by extrapolation of
autocorrelation functions based on VOS data; it is
shown in Fig. 8b. These overall signal/noise ratios in-
crease from about unity for 100-day sampling to about
5 for daily sampling and are somewhat higher for SST
than for Z20 (Fig. 8b).

Numerical values of (s/n)'? from the integrated spec-
tra are given in Table 3 for 30-day sampling regimes, as
is typical of the VOS dataset, along with the correspond-
ing values from MPSS (their Tables 1 and 2, and their
Fig. 3). Overall signal/noise ratios in this range are typ-
ically 2—3 for SST and about 2 for Z20, considerably
higher than those reported by MPSS, which were usually
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three frequency bands and plotted as a function of sampling interval. These are vertical cuts
through the contoured values of Fig. 6. The solid line indicates 165°E and the dashed line 110°W.
The dotted horizontal line indicates the value A = 2, taken as a desirable target for sampling.

less than 1 for their non-ENSO period and up to 2 when
the large 1982—83 El Nifio event was included. We will
discuss reasons for this discrepancy in section 7.

5. Timescales

The buoy time series can also be used to estimate
time scales in frequency partitions by filtering the data
and examining the autocorrelation functions (ACFs).
MPSS estimated temporal decorrelation scales from
ACFs of the space and time binned VOS time series
used in the estimation of signal and noise variance. The
present study extends those findings by using the bet-

ter-resolved buoy time series, which allows the strati-
fication of results by frequency. We estimated the time-
scale as the integral to the first zero-crossing of the ACF
(Stammer and Boning 1992). MPSS defined the de-
correlation timescale as either as the first zero-crossing
of the ACF for oscillatory processes or as the e-folding
scale of a fitted Gaussian function otherwise. Our def-
inition produces values somewhat shorter than those
of MPSS (in the case of a perfectly sinusoidal ACF,
our integral definition gives the timescale as the period
divided by 27, whereas MPSS’s definition would give
the period divided by 4). Three versions of the dataset
were studied: first, the unfiltered, detrended time se-



DECEMBER 1996

1 2 3 45 10 20 30 50 100
10° ) NS AP
%
ac'
Loee
~ .o-". .
~1 a4 —
g1 ] .."' ,,‘15"“-'9 1
] Y L i
: _—‘—.‘—‘-—_ ~— F
_____ 4 PRl
- -
e’ : - - L
e -
- SST
.-
R ————
10° 10! 102
103 1 | P L
r
] 0°,110°W
] cecreenee 0°,140°W J
1] emem—- 0°,165°E peme—n"
1 o o ‘ - 0eoe®®?
§, | mrmeme 7°N,140°W . oe®
-
3
£
10! — T T
10° 10! 102
Sample interval (days)
1 2 3 45 10 20 30 50 100
10 . PN | R NN
b ] 0°,110°W
s? ....... . 0°,140°W |
o 1 & 0 mmm-- 0°,165°E .
=
5 Gﬁ ————— 7°N,140°W |
z ~°\~ L
> T
-
- 4 T~ o
[72]
I e
24  TTTEea -

fm e T - -
Cmem T

220 S/N ratio

Sample Interval (days)

Fic. 8. (a) Noise variance as a function of sample rate at the equa-
tor, 110°W, 140°W, and 165°E, and at 7°N, 140°W. The noise is
estimated from the spectra shown in Fig. 5, using Eq. (3), summed

KESSLER ET AL.

3013

ries; second, the time series with the seasonal cycle
(1, 2, 3 cpy harmonics) removed, then low passed
with half-power at 150-day periods; and third, a high-
passed version of the time series obtained by remov-
ing the seasonal cycle as well as the low-passed time
series variations. Only daily average data have been
used in these calculations.

Figure 9 is an example of the ACFs found from these
three dataset versions for the 14-yr record of SST at 0°,
110°W. The ACF from unfiltered data represents prin-
cipally the annual cycle, while the ACF from low-
passed data shows essentially the 4—5-year separation
of the three ENSO events (1982, 1987, 1991) in this
time series. The ACF from the high-passed time series
falls to zero in less than 1 month, then oscillates around
zero, with a period of about 2 months (Fig. 9). The
resulting timescale estimates for SST at 0°, 110°W are
57 days (0.98 yr/2m) for the unfiltered data, 105 days
for the low-passed data, and 4.0 days for the high-
passed data. Figure 10 summarizes the timescales for
SST and Z20 at each buoy for both the low- and high-
passed datasets. The low-passed timescales are typi-
cally 100 days or more for both SST and Z20, indicat-
ing low-frequency ENSO variations. Perhaps more sur-
prising are the timescales for the high-passed data,
which are about 4-6 days for both SST and Z20 ev-
erywhere in the TAO region (Fig. 10). The processes
that produce variability of these quantities at periods
less than 150 days are diverse, including tropical insta-
bility waves in the east Pacific SST north of the equator
(Hansen and Paul 1984; Pullen et al. 1987; Halpern et
al. 1988), intraseasonal Kelvin waves for equatorial
720 (Kessler et al. 1995), other short-period equatorial
waves (Wunsch and Gill 1976; Eriksen 1982; Weis-
berg and Horigan 1981), and synoptic weather distur-
bances, so it is not at all obvious why the timescales
should be so homogeneous.

6. Space scales
a. Scale estimation method

The horizontal spatial scales of the thermal variabil-
ity in the tropical Pacific have been estimated in nu-
merous studies, often for the purposes of designing a
sampling strategy (Barnett and Patzert 1980; White et
al. 1982), or for optimal interpolation, where the spa-

over all possible frequencies from the highest to the value on the
abscissa (see text). Top panel shows SST and bottom panel shows
Z.20. The location legend for both is in the lower panel. (b) Overall
signal to noise ratio as a function of sample rate at the same locations
as in (a), calculated by partitioning the spectra in Fig. 5 into noise
[(a)] and signal (all remaining variance at periods up to 3 yr). The
ratio is plotted as a function of the dividing frequency (axis labels
show the equivalent sample rate). These values would be used to
characterize a sampling regime for optimal interpolation. The loca-
tion legend for both is in the upper panel.
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TaBLE 3. Overall signal/noise ratios calculated from integrated
buoy spectra for the periods up to one cycle per 31/, years, assuming
30-day sampling. The first column shows values using the full
dataset; the next for the dataset with the annual cycle (three
harmonics) removed; and the next for spectra truncated at 400-day
periods. The final two columns show signal/noise ratios from Meyers
et al. (1991), for non-ENSO periods, and overall. The overall values
are in parentheses since these were estimated from Fig. 3 of Meyers
et al. (1991).

Annual MPSS (XBT)
Full cycle 400-day
Dataset data removed cutoff Non-ENSO Overall
SST
0°, 110°W 2.79 1.79 237 1.6 (2.5)
0°, 140°W 3.01 2.56 2.00 0.7 (1.1
0°, 165°E 2.04 2.00 0.88 05 (1.4)
7°N, 140°W 1.74 1.02 1.60 0.8 0.9)
Z20
0°, 110°W 2.18 2.13 1.34 0.9 (2.5)
0°, 140°W 1.82 1.60 1.41 0.5 (1.2)
0°, 165°E 1.53 1.31 1.10 0.5 (1.3)
7°N, 140°W 1.59 0.96 1.52 0.7 24

tial scales are parameters of analytic functions approx-
imating an observed autocorrelation structure (Roem-
mich 1982; Sprintall and Meyers 1991; MPSS; White
et al. 1982).

SST at 0°,110°W
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In the present study, we make estimates of the zonal
and meridional scales of SST and Z20 variability for
comparison with previous estimates based on ship-
board data. While the coarse spatial distribution of the
TAO array renders it less suited for space scale deter-
mination than for time scales, the ability to preprocess
the data into the seasonal cycle, and low- and high-
passed versions of the time series allow for further in-
sight and stratification of scale estimates by frequency.
As in the case of the timescale estimates (section 5),
space scales are found for three dataset versions: the
unfiltered time series, the low-passed series with the
seasonal cycle removed, and the high-passed time se-
ries. As was done for the timescales discussed in sec-
tion 5, only daily averaged data were used.

Spatial lag cross correlations (at zero time lag) were
computed among buoys along the equator and on each
of the best-sampled meridians (165°E, 140°W, and
110°W) for each of the three sets of time series. Unlike
the timescale computations of section 5, where a full
set of ACF lags were available for integration, cross
correlations could be found only for a limited set of
spatial lags, because of the 2°~3° latitude by 10°-15°
longitude resolution of the array. As a consequence,
curve fitting was required to derive the space scales.
All possible pairs of locations with simultaneous ob-
servations were used, which means that the cross-cor-
relations represent different time periods and record

21T

Unfiltered  (0.98 years) |-
Low—passed (2.04 years)

High—passed (25.1 days)

A
w"k ""n\Ar,

3 4 5

Time Lag (years)

FIG. 9. Autocorrelation functions (ACFs) of SST at 0°, 110°W for three data versions: the
detrended, unfiltered daily time series (heavy line), the de-seasoned (first three annual harmonics
removed) then low-passed (half-power at 150-day period) time series (medium line), and the
high-passed time series (thin line ). The timescale shown in the legend is 277, where 7 is defined
as the integral to the first zero-crossing of the ACF.
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lengths. To account for this inhomogeneity, in the
curve fitting each correlation was weighted according
its significance level as follows: A correlation coeffi-
cient r, with n; degrees of freedom, may be trans-
formed to a variable z, approximately normally distrib-
uted with standard deviation o, (Panofsky and Brier

1968):
1 1+ 1
z=zIn ;0= .
2 1-r n,— 3

This transformation, together with its inverse r
= tanh(z), are commonly used in constructing confi-
dence intervals for the correlation coefficient and sug-
gest that in the weighted nonlinear curve fit of 7 to the
observed cross-correlations r;,

x? =2 wi(r — )2,

(4)

(5)

a suitable weight would be w; = 0% = n; — 3. The
number of degrees of freedom associated with each
correlation value was obtained by dividing the number
of cross-product terms (common days for the daily time
series) by the independence timescale (Davis 1976):

Ty = At Z Cii(kAt)ij(kAt), (6)
k

where the subscripts i and j refer to the locations of the
station pair, and C;(kAt) is the autocorrelation at sta-
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tion i for lag kAt. In practice, the product of autocor-
relations in (6) was summed to no more than 2000-
days lag. Equations (4) then give the 90% confidence
range z *+ 1.6450,, which is transformed to the error
bar associated with each correlation in Figs. 11 and 12;
station pairs with a long common period generally have
a narrower confidence range. The analytic functions
were not forced to pass through the value unity at
zero lag.

To find a space scale, the correlations were consid-
ered as a function only of station separation, and a func-
tional form is sought that can be used to describe the
falloff of correlation with distance. A large variety of
functions have been used for this purpose (Alaka and
Elvander 1972; MPSS; Denman and Freeland 1985),
and we tried a number of experiments to find analytic
functions that efficiently described the observed cor-
relation structure. We found that many of the correla-
tion patterns could be fit well using a simple exponen-
tial A exp{ —x/L}, giving scale estimates L (where x
is the station separation and A is the value at the ori-
gin). However, the zonal Z20 correlation values, in
particular, often crossed zero in a well-defined manner
that was not well represented by the exponential form
(e.g., the Z20 correlations in Fig. 11). This was prob-
ably due to the dominance of equatorial Kelvin and
Rossby waves in the thermocline depth variability,
which produced significant negative correlations be-
tween buoys more than a quarter-wavelength apart.
Therefore, when such organized negative correlations
were found, the functional form Acos(x/L,) exp{ —x/
L,} was used. The length scale L in these cases was
estimated as the integral to the first zero crossing of the
cosine—exponential function, which can be expressed
analytically as

L= le,l[z,z exp<— g%) ; Ll]/@% L L3). (7)
2

These scales were not much different from those found
by using the simpler exponential or Gaussian forms,
although the fit itself was much better.

b. Zonal scales

Figure 11 shows the cross-correlations, functional
fitting, and estimated zonal scales of SST and Z20
along the equator in the three frequency ranges. The
most prominent result is that the zonal scale of low-
passed equatorial SST was much larger (by a factor of
~4) than that of Z20, which we attribute to the wave-
like nature of the Z20 variability. The SST variability
for the unfiltered data, which was largely due to the
annual cycle (e.g., Fig. 9), was found to have a scale
of about 72° longitude, consistent with the size of the
equatorial cold tongue region where there is a large
annual cycle of SST. The low-passed SST (essentially
the ENSO signal) (Fig. 9) was fully basin scale (L
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Fig. 11. Spatial lag correlations of SST (left) and Z20 (right) along the equator, plotted as a
function of zonal separation, in the same three frequency partitions as in Fig. 9. Each small square

shows a correlation value between a buoy pair, and the ‘error bars’’

indicate the 90% confidence

range for each correlation, according to Eq. (4). The smooth curve is an analytic function fit to
the correlations; the form and parameter values of these functions are given at the bottom of each
panel (see text). The zonal-scale estimate is the scale of the exponent for SST, and the integral
to the first zero-crossing for Z20, as indicated in each panel.

> 100° longitude), with correlations decreasing only
to about 0.5 over the entire zonal extent of the TAO
array (Fig. 11). The unfiltered and low-passed Z20 cor-
relation patterns were negative at a spacing greater than
50° longitude (Fig. 11), and were fit with the combined
cosine—exponential function. Both signals were found

to have a zonal scale of 30°-35°. However, the value
of the fitted parameter L;, which scales the cosine in
the functional fit, gives an implied wavelength of 27L;.
This wavelength was about 200° for both low-fre-
quency Z20 bands, showing that, although the scales
were relatively short (which suggests the station spac-
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ing needed to monitor the signal), the variability itself
was basin scale.

At higher frequencies, the SST and Z20 equatorial
zonal scales were similar (Fig. 11), but probably for
different reasons. The high-passed Z20 scale of 11.6°
apparently represents the intraseasonal Kelvin waves.
This zonal scale divided by the 5-day high-passed time
scale (Fig. 10) implies a Kelvin-like speed of Ax/At
=3 m s~". For the high-passed Z20 data, the combined
trigonometric—exponential function was best fit with a
wavelength of 27L, = 98°, which would be consistent
with a roughly 50-day period Kelvin wave, as are com-
monly observed (Kessler et al. 1995). The high-passed
SST variability is probably strongly influenced by trop-
ical instability waves (note that these calculations have
been performed with daily average data that eliminates
the large-amplitude diurnal cycle seen in Figs. 4a and
4b); however, the TIW zonal variations are only poorly
resolved by the TAO array, since these waves have a
zonal wavelength of only 1000—1500 km (Pullen et al.
1987). One wavelength fits within the 15° longitude
zonal separation of the buoys, and therefore the zonal
cross-correlations can be badly aliased. This suggests
that the zonal SST correlation structure shown in Fig.
11 (lower left) probably is not truly representative of
the actual variation of correlation with zonal separation.
It is likely that there is a region of small or negative
correlation closer than 15° separation, which cannot be
resolved using the buoys. Therefore, the true zonal
scale may be shorter than indicated by the buoy cor-
relations.

c. Meridional scales

Meridional length scales were estimated in the same
way as the zonal scales, fitting exponential functions to
the cross-correlations between buoys along the merid-
ians 110°W and 165°E where simultaneous time series
(longer than 21/7 years) exist. The maximum distance
over which cross-correlations could be found was 13°
(Fig. 1). However, in several instances where corre-
lations remained high over the entire latitude span of
the array, meridional scales larger than this were esti-
mated. Figures 12a,b show the correlations and func-
tional fitting at 110°W and 165°E respectively. Corre-
lations are shown strictly as a function of meridional
separation, so that no distinction is made concerning
position relative to the equator.

At 110°W, the unfiltered time series of SST are pri-
marily annual (Fig. 4a), and the correlations remain
very high (r > 0.8) over 8°S to 5°N (Fig. 12a). This
is due to the large amplitude annual waxing and waning
of the east Pacific cold tongue (Horel 1982). The fit to
exponential functions gives scales much wider than the
width of the buoy array, so the exact values are not
meaningful; nevertheless, it is clear that the meridional
length scale in this frequency band is at least 15° lati-
tude (Fig. 12a). In contrast, the meridional correlation
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structure of Z20 at 110°W falls off clearly within the
buoy region, giving a scale of about 5° latitude (Fig.
12a). Low-passing of SST removes the annual cycle,
which has large amplitude and broad meridional cor-
relation in the cold tongue, giving smaller meridional
scales at 110°W. By contrast, low passing of Z20 re-
moves the tightly equatorially trapped Kelvin waves,
increasing the meridional scales in this frequency
range. For high-passed time series at 110°W, the scales
for both SST and Z20 are about 2° latitude (Fig. 12a).
These high-passed scales indicate that the buoy sepa-
ration in the TAO array is not quite sufficient to resolve
the meridional structure in this band and are consistent
with studies using VOS XBT data, which often have
binned the observations in 1°-2° boxes for gridding.

At 165°E in the western Pacific, the unfiltered me-
ridional scale of SST was smaller than in the east, ap-
parently reflecting the weaker annual cycle of western
SST and the higher proportion of variance associated
with features smaller than the east Pacific cold tongue.
720 meridional low-passed scales were comparable to
those 'in the east. The five low individual correlation
values in the upper and middle right panels of Fig. 12b
all involve the mooring at 8°N, 165°E, showing the loss
of low-frequency thermocline depth correlation across
the North Equatorial Countercurrent, as has been pre-
viously noted (Wyrtki 1978; Kessler and Taft 1987).
The other pairs of low-pass Z20 cross-correlations at
165°E show that the thermocline depths in the wave-
guide region (5°S to 5°N) are highly correlated (r
> 0.7) at low frequency. The high-passed scale for the
west Pacific Z20 (about 2°) is similar to that in the east,
but the high-passed SST scale was at least twice as
large. This is probably related to the absence in the
western Pacific of SST variations associated with trop-
ical instability waves.

The ratio of zonal to meridional scales is of interest
in connection with the choice of bin size for gridding
irregularly spaced data products, such as VOS XBT
data or observations from drifting buoys. Investigators
studying low-frequency variations have commonly as-
sumed that the zonal scales are larger than the meridi-
onal scales, often by a factor of ~5, and binned point
observations accordingly (e.g., Meyers 1979; Delcroix
and Henin 1989; Kessler and McCreary 1993; Donoso
et al. 1994; Bi 1995). Considerations such as these also
influenced the design of the TAO array itself (Hayes
et al. 1991a). Our results in Figs. 11 and 12 suggest
that these assumptions are reasonable.

7. Discussion and summary

The highly temporally resolved time series from
the TAO moored buoy array are used to compute
spectra of upper tropical Pacific Ocean temperature
over a period range extending from minutes to sev-
eral years. These spectra provide the basis for quan-
tifying time scales of variability of surface temper-
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FIG. 12. (a) As in Fig. 11 but for meridional scales along 110°W.

ature and thermocline depth, and for evaluating the
aliasing noise that would result from various less
frequent sampling schemes. The ability to preproc-
ess the data into unaliased seasonal cycles and low-
and high-passed versions of the time series also
permits stratification of temporal and spatial scale
estimates by frequency band. The results allow
for quantitative assessment of the ability of the
Tropical Pacific Thermal Monitoring System to ob-
serve the full range of upper-ocean temperature
variability.

The TAO buoy array consists of nearly 70 deep-
ocean moorings arranged nominally 15° longitude and
2°-3° latitude apart across the equatorial Pacific. For
most of the moorings, water temperatures are sampled
every 10 minutes, then formed into daily averages that
are telemetered in real time and distributed worldwide.
At four current meter sites along the equator, and one
off-equatorial site, a substantial amount of finer tem-
poral sampling is available, including several months
of 1-min sampling and several years of 15-min or 2-h
sampling. These high-resolution records form the basis
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FIG. 12. (Continued) (b) As in Fig. 12a but for 165°E.

for composite spectra that span all scales of temporal
variability between the Brunt—Viiséld frequency and
the ENSO timescale.

The rms signal to noise ratio is a useful summary
quantity that has been used by several investigators
to characterize the results of sampling strategies,
particularly in connection with optimal interpola-
tion, for which the signal to noise ratio is a neces-
sary input parameter. Earlier studies, which relied
on historical datasets for the estimation of s/n, were
forced by the sparseness of the existing observations

to rely on extrapolation techniques to estimate this
parameter. We take advantage of the buoy time se-
ries’ wide spectral range to specifically define how
high-frequency variability would produce aliasing
noise in hypothetical sampling regimes. This mea-
sure of aliasing can then be examined as a function
both of the sampling rate and of the low frequency
that is to be studied. In general, the s/n is above
unity for signals with periods of a few months or
longer, sampled at the nominal 20-30-day VOS
XBT rate.
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The signal to noise ratio is found to be larger in the
eastern equatorial Pacific than in the west for both SST
and thermocline depth, mostly because the low-fre-
quency signals are larger in the east. To sample inter-
annual variations with a s/n of 2 or greater, 100-day
sampling suffices for SST both in the east and the west,
but 40-day intervals are needed to achieve this signal
to noise level for thermocline depth in the west. Intra-
seasonal (roughly 50-day period) SST and thermocline
depth variations require sampling at less than 10-day
intervals for a s/n of 2. Figures 6 and 7 give the s/n
for SST and Z20 as a function of sample rate and signal
frequency of interest. In general, as the sample rate
decreases from daily to 100-day intervals, aliasing
noise increases by roughly an order of magnitude. The
noise level for SST varies by as much as a factor of 10
among the locations studied, while thermocline depth
noise was found to be relatively constant over the re-
gion.

We also used the buoy spectra to compute overall
signal/noise ratios that represent the total daily to in-
terannual period signal and the total noise extending to
periods of hours or minutes. This quantity is simply the
partition of total variance into integrated signal and
noise, divided at the sampling Nyquist frequency. It is
found as a function of the sample rate alone and would
be the value used to characterize a sampling regime for
optimal interpolation. The overall signal/noise ratio is
most comparable to values reported in MPSS and other
studies. For 20—30-day sampling typical of the histor-
ical XBT datasets in the tropical Pacific, values were
found to be about 2-3 for SST and about 2 for Z20,
several times higher than those reported by MPSS (Ta-
ble 3). There are two principal reasons for the discrep-
ancy: First is that MPSS studied the period 1979-83,
which encompassed the huge El Nifio event of 1982
83. They excluded this time period from their scale and
signal/noise estimates, arguing that a sampling strategy
must be designed that is adequate to detect the smaller
signals of non—El Nifio periods, in particular the pos-
sibility of observing precursors of El Nifio. In the pres-
ent study, we are unable to select an analogous non-
ENSO time period since our time series span the warm
events of 1986—-87, 1991-92, and 1993, as well as the
extreme cold event of 1988-89. However, we recom-
puted the overall signal/noise ratios excluding variance
at periods greater than 400 days, which removed most
ENSO-related variability while retaining most of the
annual and higher-frequency signals. The resulting val-
ues, while somewhat lower than those found using all
variance (Table 3), were still typically twice those re-
ported by MPSS. A second reason for the discrepancy
is the different methods used to estimate signal and
noise. MPSS used a procedure in which the autocor-
relation functions were extrapolated from 1-month lag
(their bin size) to zero lag, then the value of the ex-
trapolated ACF was taken to be the proportion of signal
variance and one minus this value to be the proportion
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of unresolved noise variance (the ACF would approach
one at zero lag in the absence of noise). However, test
calculations using fully resolved ACFs from the buoy
time series suggested that there can be a good deal of
structure to the ACFs near zero lag, and such extrap-
olation can produce widely differing results, depending
quite sensitively on how the binning is performed and
the form of the extrapolating function. The spectral
techniques employed here resolve the relevant vari-
ability and, thus, should produce a more reliable result.
We therefore conclude that the extrapolation method
used by MPSS overestimated the unresolved noise.
This conclusion is in accord with intuition, which sug-
gests that a signal to noise ratio of ~2 is required to
get dependable findings. Numerous studies over the
years using the VOS XBT datasets have shown patterns
of variability highly consistent with those derived from
other data sources. If the signal/noise ratio were truly
less than unity, as the MPSS results suggest, then one
would not expect such regularly good results. We be-
lieve that overall signal/noise ratio for tropical Pacific
temperatures sampled at roughly monthly periods is in
fact close to 2, and that this explains the satisfactory
outcomes from descriptive and diagnostic studies using
XBTs.

Timescales were estimated as the integral to the first
zero crossing of the autocorrelation functions of low-
and high-passed versions of the time series (the half-
power of these filters was at about 150-day periods).
The most striking result was that the timescale of high-
passed data was close to 5 days for both SST and ther-
mocline depth across the entire buoy region. It is not
clear why these timescales should be so homogeneous,
since a diverse group of processes are responsible for
variability in this frequency range. However, it is worth
noting that Smith and Meyers (1996) found a similar
result based on an entirely different methodology. They
studied the TAO and VOS XBT time series, using a
statistical interpolation procedure that gave an estimate
of the number of ‘‘effective observations’’ in these
datasets. For the TAO dataset, Smith and Meyers es-
timated roughly two independent observations in each
10-day analysis period from the TAO set, in agreement
with the result reported here.

Horizontal spatial scales were estimated from cross
correlations among the longer moored time series. Al-
though the relatively coarse spatial distribution of the

‘buoys renders the array less suited for space-scale de-

termination than for timescales, the ability to stratify
the time series by frequency band allows further insight
than would be possible from other datasets. Zonal
scales of low-frequency SST along the equator were
found to be basin width, while those of thermocline
depth were about 30°—40° longitude. At higher fre-
quencies (periods shorter than 150 days), the zonal
scale for sampling thermocline depth variations was
about 12° longitude and apparently was associated with
the intraseasonal Kelvin waves with a wavelength of
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~100° longitude. The zonal scale for high-passed SST
could not be well determined by the buoy array, since
this quantity is strongly affected by the tropical insta-
bility waves, which are known to have a zonal wave-
length of 10°-15° longitude that cannot be resolved
within the array spacing; however, the zonal scale of
high-passed SST is not more than 10° longitude. Me-
ridional scales of low-frequency SST were larger in the
east where this variability was associated with waxing
and waning of the equatorial cold tongue, which is
well-correlated over at least 15° of latitude. In contrast,
meridional scales of high-frequency SST were larger
in the west, where the variability due to tropical insta-
bility waves is usually absent. Low-frequency ther-
mocline depth variations were well correlated over the
equatorial waveguide region, but decayed rapidly
across the North Equatorial Countercurrent. These
scale estimates tend to confirm the common assumption
that zonal scales are larger than meridional scales.

In general, the space-scale estimates reported here
are considerably larger than those suggested by MPSS
and Sprintall and Meyers (1991), based on VOS XBT
datasets. These earlier studies recommended scales of
15° longitude and 3° latitude, which represented con-
servative levels designed to sample the smallest scales
found. However, in most locations the scale estimates
based on our unfiltered time series are larger than these
values by a factor of 2 or more, particularly for SST.
As in the case of the signal/noise ratios discusses ear-
lier, one difference that accounts for much of the dis-
crepancy is that MPSS and Sprintall and Meyers
(1991) excluded the 1982—83 El Nifio from their
quoted scale estimates, noting that these values ap-
proximately double if the large ENSO anomalies are
used in the statistics. Therefore, as was done to make
comparable estimates of signal/noise ratios, we high-
pass filtered the buoy time series with half-power at
400-day periods to exclude the ENSO signal, then re-
computed the scale estimates shown in Figs. 11 and 12.
Compared to the unfiltered results (top panels of Figs.
11 and 12), these non-ENSO scales were smaller by a
factor of 2 or more, and thereby in fair agreement with
those of Meyers and colleagues. Zonal scales along the
equator fell from 72.5° for SST and 31.1° for Z20 to
24° and 17°, respectively. Meridional scales were sim-
ilarly reduced to values about 2° to 6° latitude except
for SST at 110°W, which was reduced by half but still
remained larger than the meridional width of the array
(we note, however, that MPSS reported meridional
scales of SST in the eastern equatorial Pacific only as
‘‘greater than 6°’). Therefore, the 3° latitude by 15°
longitude scale recommendation from the VOS XBT
datasets is roughly consistent with the present results
from the TAO buoys for non-ENSO variations. Nev-
ertheless, it should be kept in mind that these estimates
represent the scales of the dominant variability in the
time series, which is usually the large-scale, low-fre-
quency signals, even with the ENSO variations re-
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moved. Our results for the 150-day high-passed time
series (lower panels of Figs. 11 and 12) show that if
signals with periods of 1 to 2 months are to be properly
sampled, then the scales are shorter, about 1°—2° lati-
tude by 8°—10° longitude, with a 5-day timescale.

Another issue that can be resolved by the buoy time
series concerns the possibility that space-scale esti-
mates from the VOS XBT data might be affected by
the relatively sparse temporal sampling. We checked
this by subsampling the TAO buoy time series at in-
tervals of up to 60 days, then recomputing the spatial
scales by fitting functions as in Figs. 11 and 12, re-
peating this calculation for many realizations of sub-
sampling. For even 60-day subsampling, although the
individual cross-correlation values comparable to the
top panels of Figs. 11 and 12 were somewhat scattered,
the scale estimates were relatively unchanged because
the scatter of values around the functional fit were ran-
dom in character. The standard deviation of scale es-
timates among the 60-day subsamples was generally
about one-tenth the scale value itself, and never more
than one-fifth the scale value. For the typical VOS XBT
sample interval of 20—30 days, the standard deviations
was smaller by an additional factor of 2. This suggests
that scale estimates calculated from the VOS datasets
are likely to be accurate. Again, this conclusion applies
only to the unfiltered time series representing princi-
pally the large-scale, low-frequency phenomena; for
the 150-day high-passed dataset, different realizations
of 30-day subsampling produce scale estimates that dif-
fer by up to a factor of 2.

MPSS recommended a temporal decorrelation scale
of 1.5 to 3 months, which is somewhat shorter than we
report for the low-pass filtered buoy time series (Fig.
10, top). The MPSS values are reasonably consistent
with timescales derived here from unfiltered buoy time
series (not shown). We have argued above, however,
that since MPSS excluded periods of strong ENSO
variations, their XBT scale estimates should be com-
parable to buoy time series high-pass filtered with 400-
day half-power. When such filtered buoy time series
are used to compute timescales, the values are 10-20
days, for both SST and thermocline depth, over the
entire buoy region. This suggests that variability with
periods of up to a few months is unresolved noise in
the XBT time series, which makes estimation of a time-
scale from that dataset problematic.

While we have presented many results in this first
statistical summary of the temperature observations ob-
tained with the TAO array, it is important to remember
that the array has been deployed at full strength for just
over one year (since December 1994). Many of the
mooring sites have accumulated fewer than two years
of data, and so are at best marginally useful in expand-
ing the range of space scales over which we can eval-
uate reliable statistics. Our very long time series exhibit
strong interannual variability, reminding us that very
long records are needed to obtain robust statistics in
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this part of the ocean. As the full deployment of the
array continues, we plan to revisit these calculations,
both to update the statistics using the longer records
and to include spatial correlation resulits that cannot be
meaningfully evaluated at this time (e.g., zonal corre-
lations along off-equatorial latitudes).

We have emphasized the dependence of the sta-
tistical parameters on the frequency of the signal
that is to be studied or monitored. Sampling require-
ments are several times more stringent if fluctua-
tions with periods of 1-2 months must be resolved
than if only 150-day or longer period signals are
significant. Our calculations of the noise variance
due to sampling at different rates in different loca-
tions provide a basis for tailoring an observational
strategy to the s/n level needed in the measurement
of a particular quantity. Thus, our results are rele-
vant not only for evaluations of the existing observ-
ing system in the tropical Pacific, but also in a gen-
eral sense for the design of future observing systems
in other parts of the World Ocean.
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APPENDIX
Aliasing in Inverse Power Law Spectra

When a process having an inverse power law spec-
trum

SUHHY=U1f)™ a>1

over all frequencies is sampled at regular intervals At,
the noise aliased.from beyond the Nyquist frequency fo
= 1At is, by Eq. (1),

(AD)

N(f) = X [(2k = f1fy) ™ + 2k + fIfi) 1. (A2)
k=1

The noise increases monotonically with frequency
from

No = imN(f) =21 ¥ k@ (A3)
-0

k=1
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to

N =lmN(f) =23 (2k+ 1)™.  (A4)
f=h

k=0

The sums of reciprocal powers in Egs. (A3) and (A4)
can be expressed in terms of the Riemann zeta function
{(a) (Bender and Orszag 1978, chapter 8.1). While,
as might be expected, the noise level increases as the
underlying spectrum becomes less steep (a — 1), the
noise range N; — N, decreases. In other words the noise
spectrum associated with aliasing becomes whiter
when the exponent of the power law is reduced.

This is illustrated for a range of exponents between
a = 1.5 and a = 2.5 in Fig. Al. Straight (solid) lines
in log—log space represent the underlying power law
spectra S(f). These are truncated for clarity, though in
reality they extend offscale. The dash—dot curves show
the noise spectra due to aliasing when a process with
S(f) = (f/fo)"% is sampled at regular intervals At
=1, 2,4, 8, 16, 32, 64. The range (which is common
to all the noise curves for ¢ = 2.5) is shown as a bar
in the lower right corner. The narrow range of the noise
spectrum (for regular sampling) over several decades

100 e e e e e 0 )
% Inverse Power Law [

107" o E

] o

1 P

-3 oL

E 10 : ZE
Q E
n . ¢

1074 o 1,50k
? 3 TE
N ] £

o
E 107 8
2

] 2.00

10-5§ I

] 2.25f

1077 4 I =

3 2.50F

1078 I

1074 10°

Normalized Frequency

FiG. Al. Tllustration of noise due to sparse sampling of idealized
inverse power law spectra. Straight solid lines are fully resolved ide-
alized spectra, representing exponents between a = 1.5 and a = 2.5
in steps of 0.25. The dash~dot curves show the noise spectra, com-
puted from Eq. (A2), resulting from aliasing when a process with
spectrum £ ~2° is sampled at regular intervals Az = 1, 2, 4, 8, 16, 32,
and 64 time units. The range of values this noise takes over all low
frequencies is shown as the bar in the lower right corner; this range
is the same for all the sampling rates for the @ = 2.5 spectrum. The
other bars along the right edge show the noise ranges for each of the
other idealized spectra. The dashed lines that diverge from each base
spectrum show the aliased spectra that would be measured given
sampling at Ar = 1. At each frequency, the aliased spectral values
are the sum of the true spectrum and the aliasing.
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FIG. A2. Similar to Fig. Al but based on the observed SST at 0°,
110°W (2-h samples), subsampled at various rates As. Harmonics
of the diurnal cycle are labeled peaks. As in Fig. Al, the dash-dot
lines show the noise spectra at low frequencies resulting from each
sampling rate.

of frequency explains why the signal-to-noise contours
of Fig. 6 are parallel and arec essentially scaled repli-
cates of the signal spectrum itself. The aliased spectrum
(given sampling at At = 1) is shown as the dashed line
branching off from the true a = 2.5 spectrum. This
curve is the sum of the true and noise spectrum at each
frequency. The aliasing noise is seen to be white
everywhere except quite near the Nyquist frequency
(where f, ~ f;).

For the other underlying spectra in Fig. Al, the noise
spectra are similar in form, but with higher level and
narrower range, to those illustrated for a = 2.5. Bars
along the right edge show the noise ranges for the other
underlying spectra shown, with exponents a decreasing
in steps of 0.25 to the value a = 1.5. A spectrum with
exponent a ~ 1.5 is representative of much of the fre-
quency dependence of SST and Z20 in the tropical Pa-
cific (see section 4). The range of each noise spectrum
decreases with decreasing a, as indicated by the bars,
however, the noise level becomes larger. The aliased
spectra in each case for sampling at At = 1 (dashed
curves branching from the true spectra) show the rel-
atively larger error that extends over an increasing
range of frequencies with decreasing exponent a.

The noise spectra associated with aliasing of ob-
served SST at 0°, 110°W are shown in Fig. A2 for sam-
pling intervals of 1, 2, 4, 8, 16, 32, and 64 days. The
underlying spectrum, computed from 8 years of 2-h
data (solid curve) varies approximately as f =2 for pe-
riods shorter than about 15 days. For periods between
15 days and the annual period the spectrum is close to
f ~'. The noise spectra (dash—dot lines) for sampling
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at Ar = 4 days are nearly white, as predicted by the
theoretical argument above. However, noise in the 1-
and 2-day sampled time series is larger than expected
at low frequencies, due to the presence of strong diurnal
variability. As is evident in Fig. 4, SST has a strong
diurnal cycle with a nonsinusoidal waveform and an
amplitude that is nonstationary in time. This results in
a family of harmonics in the spectrum, with noticeable
cusps. For sampling at integral multiples of 1 day, as
in our examples, the energy at 1, 2, 3, ... cycles per
day aliases into the mean and does not appear in the
noise spectra (dot—dash curves). The energy from the
cusps, however, folds primarily into the lower Fourier
frequencies and distorts the noise spectrum from the
white form that would otherwise be expected. This is
particularly noticeable for Ar = 1 and 2 days; with
sparser sampling these diurnal peaks are a less domi-
nant source of noise; energy aliased from other parts of
the unresolved spectrum makes the noise spectra
whiter.
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